Aims: The survival of Lactobacillus reuteri when challenged with glycodeoxycholic acid (GDCA), deoxycholic acid (DCA) and soygerm powder was investigated. Moreover, the impact of Lact. reuteri on the bioavailability of iso¯avones present in soygerm powder was examined.
INTRODUCTION
An increasing number of scienti®c reports point at the importance of the colonic microbiota in the host's health status. Knowledge of this relationship has led to investigations to modify the structure and the metabolic activities of the microbial community through the diet (Tannock 1997) . One of the basic aims is to increase the concentration of bene®cial lactic acid bacteria (LAB) in the large intestine. Such a boost of the concentration of LAB may be realized via a daily consumption of fermented milks containing viable LAB. This probiotic concept may be compromised because of the limited intestinal survival of probiotics. This is due mainly to the low pH of the stomach and the bile salt stress of the small intestine (Collins and Gibson 1999) . Therefore, the prebiotic concept has been developed. A prebiotic is a nondigestible food ingredient that bene®cially affects the host by selectively stimulating the growth and/or activity of health-promoting LAB (Gibson and Roberfroid 1995) . De Boever et al. (2000) have shown that consumption of a soygerm powder may modulate the colonic fermentation bene®cially. This soygerm powder contains constituents with putative health bene®ts such as b-glycosidic iso¯av-ones. Aglycone iso¯avones can be generated by the bacteria of the large intestine and these molecules have oestrogenic activity. The latter compounds may play an important role in the health bene®ts obtained from consuming soy foods, such as a lower incidence of oestrogen-related cancers, cardiovascular diseases and osteoporosis (Messina 1999) . Saponins are also present in soygerm powder and these compounds could be responsible for the lowering of the serum cholesterol (Setchell 1998) .
In this study, soygerm powder and a Lactobacillus reuteri strain were combined. Both are reported to be health-promoting food supplements. Viability is essential for Lact. reuteri to exert its probiotic effects. It was investigated if soygerm powder could enhance the survival of Lact. reuteri when the latter was exposed to bile salts. Free iso¯avones are only released from soygerm powder in the colon. A second objective was therefore to determine whether Lact. reuteri deconjugated b-glycosidic iso¯avones during the fermentation of milk supplemented with soygerm powder, thereby increasing their bioavailability.
MATERIALS AND METHODS

Chemicals
Glycodeoxycholic acid (GDCA) and deoxycholic acid (DCA) were purchased from Sigma (Bornem, Belgium). Stock solutions (100 mmol l ±1 ) were prepared in distilled water and sterilized using a 0á22-lm ®lter (Millipore, Brussel, Belgium) . Soylife Nederland BV (Giessen, The Netherlands) supplied soygerm powder (SOYLIFE ä ).
Bacterial strain and culture conditions
A bile salt hydrolase-active (BSH + ) Lact. reuteri (De Smet et al. 1998 ) was used in this study. An inoculum (1%) of the frozen strain was thawed and suspended in 10 ml of de Man Rogosa and Sharpe (MRS) broth (Oxoid, Drongen, Belgium), which was reduced by adding 1 g l ±1 sodium thioglycolate (Fluka, Bornem, Belgium). The strain was incubated for 24 h at 37°C.
Survival
Overnight grown Lact. reuteri culture (10 ml) was centrifuged (5 min, 7000´g) and washed with aliquots of physiological solution (8á5 g l ±1 ). Samples (0á5 ml) of the washed culture were added to 9á5 ml physiological solution already containing GDCA or DCA. The ®nal concentration of bile salts was set at 2 or 3 mmol l ±1 . The effect of soygerm powder was determined by adding 4 g l ±1 at the same time as the introduction of Lact. reuteri to the test tubes. The control consisted of a tube with no supplements. Plate counts on MRS agar (Oxoid) were performed to determine the survival of the strain after a 10-min incubation period at 37°C. The anaerobic incubation (24 h at 37°C) occurred in jars with a gas mixture (80% N 2 , 10% CO 2 and 10% H 2 ) adjusted by the Anoxomat 8000 system (Mart, Sint-Genesius-Rode, Belgium). After incubation, the colonies were counted and expressed as log 10 cfu ml ±1 .
Determination of haemolysis
The haemolytic activity of GDCA and DCA was determined by diluting different amounts of 100 mmol l ±1 stock solutions with phosphate-buffered saline (PBS, pH 7á4) to a ®nal volume of 160 ll. The impact of bile salt hydrolase activity on the haemolytic activity was determined by replacing 50 ll of PBS with washed Lact. reuteri culture in the series with GDCA. An overnight Lact. reuteri culture (10 ml) was centrifuged (5 min, 7000´g), washed with physiological solution and suspended in aliquots of physiological solution. The effect of soygerm powder was investigated by replacing an additional 20 ll of PBS with 20 ll of a soygerm powder solution (40 g soygerm powder l ±1 PBS).
After incubation for 1 min at 37°C, 40 ll of red blood cells (10% suspension, ICN, Brussel, Belgium) were added to the 160 ll-suspension. The ®nal concentration of GDCA and DCA was 2 mmol l ±1 or 3 mmol l ±1 , whereas the concentration of soygerm powder was set at 4 g l ±1 . Simultaneously, red blood cells were incubated in PBS (0% lysis) and in double-distilled water (100% lysis). After a 10-min incubation period, samples were centrifuged for 1 min at 10 000´g and the supernatant was diluted four times in double-distilled water. Haemolysis was determined by measuring the absorption at 540 nm with a Biokinetics EL312e multiwell reader (Bio-Tek Instruments Europe, Spijkenisse, The Netherlands) and expressed as percentage lysis compared to PBS and double-distilled water (Van Der Meer et al. 1991) .
Fermentation of soygerm powder
An inoculum (1%) of frozen Lact. reuteri was thawed and suspended in 10 ml of semi-skimmed milk supplemented with 4 g l ±1 soygerm powder. After overnight incubation at 37°C, samples were taken to determine the concentration of iso¯avones and the enzymatic pro®le of the suspensions.
Enzyme analyses
Enzymatic pro®les were determined using an APIZYM testkit (bioMe Ârieux, Brussel, Belgium). Samples 1 ml were diluted 10-fold in physiological solution and centrifuged at 10 000´g for 3 min before use. The analyses were performed according to the instructions of the manufacturer.
Enzymatic release of iso¯avones from soygerm powder
Release of iso¯avones from soygerm powder was investigated with a 1-g l ±1 solution of b-galactosidase (EC 3.2.1.23, Sigma, Bornem, Belgium) prepared in 100 mmol l ±1 bis[2-hydroxyethyl]iminotris[hydroxymethyl]methane [bisTris (pH 6á5)] and kept at 4°C. Aliquots were transferred to tubes containing 40 mg soygerm powder in 5 ml 100 mmol l ±1 bis-Tris (pH 6á5). The suspensions were incubated at 37°C for 30 min and samples were withdrawn to determine the concentration of iso¯avones.
Extraction and determination of iso¯avones
Samples (2 ml) were withdrawn for extraction with 2 ml diethylether during 30 min. The diethylether fraction was collected after centrifugation at 5000´g during 5 min and subsequently vaporized at 37°C under N 2 -atmosphere. The residue was dissolved in 2 ml absolute ethanol and ®ltered (0á45-lm polypropylene ®lters, Alltech, Laarne, Belgium).
The HPLC-apparatus for analysing free iso¯avones consisted of a Kontron liquid chromatograph (BRS, Brussel, Belgium) with a Degasys DG-310 system to degas the mobile phase, three Kontron 325 high pressure pumps, a Kontron MSI 660 injector with a 20-ll loop, a Kontron DAD440 (diode array detector) and 450 MT2/ DAD software system. The Genesis C18 column (4 lm, 15 cm´4á6 mm) was obtained from Jones Chromatography (Mid-Glamorgan, UK). Iso¯avones were eluted at 28°C using solvent A (0á1% acetic acid in water) and solvent B (0á1% acetic acid in acetonitrile). Five minutes after sample injection, the initial solvent ratio (85% A/15% B) was linearly changed to 71% A/28% B within 31 min. Forty minutes after injection, the percentage of B was again decreased to 15%. After an additional column stabilization of 5 min with the initial solvent ratio, the following sample was analysed. The¯ow was controlled at 1á5 ml min ±1 and u.v. detection was performed at 260 nm.
Statistical analysis
ANOVA ANOVA was performed on the data with the statistical software SPSS 7.5 (SPSS Inc., Chicago, Illinois, USA). A P-value £ 0á05 was considered signi®cant. All values are reported as means S S.D D.
RESULTS
Survival of Lact. reuteri
Lactobacillus reuteri was incubated for 10 min with 2 and 3 mmol l ±1 GDCA or its deconjugated counterpart DCA and survival was determined. The results (Fig. 1) indicate that the viability of Lact. reuteri decreased, although not signi®cantly, after incubation with 3 mmol l ±1 GDCA. Addition of 2 or 3 mmol l ±1 DCA to the tubes resulted in a die-off of more than 3 log 10 units. The addition of 4 g l ±1 soygerm powder neutralized the moderate toxic effects of GDCA, whereas toxicity was only partially prevented by the soygerm powder in the case of DCA. The concentration of bile salts after 10 min of incubation was not different from the concentration introduced at the beginning of the experiment (data not shown). The concentration of viable Lact. reuteri counts remained signi®cantly lower than the control series when soygerm powder was added to prevent the toxic effects caused by 3 mmol l ±1 DCA.
Haemolytic activity
GDCA induced moderate haemolytic effects, whereas the lowest concentration of DCA already lysed 85% of the red blood cells (Table 1) . Applying 4 g l ±1 soygerm powder decreased the lysis of the red blood cells signi®cantly (P £ 0á05), except when applying 3 mmol l ±1 DCA (Table 1 ). The impact of bacterial BSH-activity on the haemolytic activity of bile salts was investigated by incubating red blood cells with 8á0 0á2 log 10 cfu ml ±1 Lact. reuteri and GDCA. The haemolytic activity was higher than in the series without Lact. reuteri, indicating the formation of more bacteriotoxic DCA during the 1-h incubation period (Table 1 ). After addition of soygerm powder to the latter series, haemolytic activity decreased (P £ 0á05) signi®cantly. Lact. reuteri was added to the solutions in a ®nal concentration of 8á0 0á2 log 10 cfu ml soygerm powder. Percentage lysis was calculated compared to lysis induced by phosphate-buffered saline (0%) and double-distilled water (100%). All data are means S S.D D., n 3. *Signi®cantly different from the control, P £ 0á05. 
Fermentation of soygerm powder
Semi-skimmed milk with soygerm powder added at a concentration of 4 g l ±1 was fermented overnight with Lact. reuteri. HPLC analysis revealed the presence of genistein, daidzein and glycitein only (data not shown). This indicates that hydrolysis of the b-glycosidic bonds occurred during the fermentation process. Lactobacillus reuteri generated free iso¯avones and the concentrations amounted to 44á9 8á4 lmol l ±1 , 42á2 10á7 lmol l ±1 and 12á4 2á9 lmol l ±1 for daidzein, glycitein and genistein, respectively (n 3). Taking into account that 1 g of soygerm powder contains approximately 90 lmol b-glycosidic iso¯avones, this means that under the experimental conditions (4 g l ±1 ) about 25±30% of the theoretical amount of free iso¯avones was recovered. A semiquantitative analysis of the enzymatic pro®le of the ferment was done to ascertain which enzyme released the iso¯avones. The suspensions exhibited high b-galactosidase activities (data not shown). It was therefore investigated if b-galactosidase was responsible for cleaving the glycosidic bonds of the iso¯avones. A concentration of 205á9 28á6 lmol l ±1 iso¯avones (n 3) was retrieved in an extract from soygerm powder incubated for a 30-min period with 0á5 g l ±1 b-galactosidase. The concentrations of daidzein, glycitein and daidzein amounted to 115á8 12á3 lmol l ±1 , 61á1 12á4 lmol l ±1 and 29á0 3á9 lmol l ±1 , respectively. The concentrations are 55±60% of the total amount of free iso¯avones that can be expected based upon the applied concentration of soygerm powder.
DISCUSSION
The capacity of the Lact. reuteri to survive a burden imposed by two bile salts at physiological relevant concentrations was investigated. The survival decreased signi®cantly when applying 3 mmol l ±1 GDCA, 2 and 3 mmol l ±1 DCA (Fig. 1) . Toxicity of the bile salt solutions was further investigated by means of a haemolysis test. Any lysis of the red blood cells used in this test can be attributed to membrane-damaging effects because these cells do not possess cell organelles and lack speci®c mechanisms for the uptake and metabolism of bile salts (Van Der Meer et al. 1991) . The haemolytic activity was more pronounced with DCA than with GDCA (Table 1) , which correlates with the higher hydrophobic nature of DCA (Heuman et al. 1996) . When Lact. reuteri was added to the series with 2 and 3 mmol l ±1 GDCA, the haemolytic activity increased compared to the series without Lact. reuteri (Table 1 ). This can be attributed to the action of the BSH-activity of Lact. reuteri, which resulted in the conversion of GDCA into its more hydrophobic counterpart DCA. An increased hydrophobicity is associated with an increasing toxicity toward isolated hepatocytes, gastric mucosa and colonic mucosa.
The common denominator in these effects may be disruption of the membrane integrity by hydrophobic bile salts (Heuman et al. 1996) . The data suggest that the survival of Lact. reuteri in the small intestine may be compromised by the presence of bile salts and that the strain may be limiting its own survival by deconjugating bile salts.
The simultaneous addition of soygerm powder largely decreased the die-off of Lact. reuteri (Fig. 1) and decreased the haemolytic effects signi®cantly (Table 1) . Narain et al. (1999) investigated toxic properties of different bile salts by measuring the lysis of red blood cells. The authors concluded that the concentration of bile salts in monomers and simple micelles, also termed the intervesicular, intermixed micellar concentration determines the detergent properties of bile salts. Addition of lipids and lecithin vesicles to a bile salt solution leads to sequestration of bile salts in mixed micelles and vesicles, with a consequent lowering of the intervesicular, intermixed micellar concentration and a reduced capacity to disrupt membranes (Narain et al. 1999) . The concentration of soluble bile salts was not changed when applying 4 g l ±1 soygerm powder, whereas most of the bacteriotoxic and haemolytic effects disappeared. A number of reports indicate that saponins present in soy can form mixed micelles with bile salts (Slavin et al. 1999) . In this respect, the saponins present in soygerm powder (41 g kg ±1 ) may have neutralized the hydrophobic properties of the bile salt solutions. This hypothesis needs to be evaluated in additional studies using pure solutions of soy saponins.
The soygerm powder contains putative health-promoting oestrogenic iso¯avones. These molecules occur as biologically inactive b-glycosides, which are poorly resorbed by humans. Iso¯avones can only be absorbed in their biologically active form after cleavage of the b-glycosidic linkage. It is generally accepted that this does not occur until the compounds reach the colonic microbiota, which produce b-glycosidase (EC 3.2.1.21) (King and Bursill 1998) . Day et al. (2000) found that lactase phlorizin hydrolase (EC 3.2.1.108), a b-glycosidase present in the brush border of the mammalian small intestine is capable of hydrolysing iso¯avone glycosides, thereby making the free iso¯avones available for resorption. Nevertheless, a substantial loss of iso¯avone glycosides into the large intestine can be expected because of the limited residence of food compounds in the small intestine and a possible decrease of lactase phlorizin hydrolase levels into adulthood (Harvey et al. 1995) . To take advantage of the putative bene®cial iso¯avones, Izumi et al. (2000) state that a constant plasma concentration of iso¯avones is needed. Therefore, one should try to maximize the resorption of free iso¯avones by consuming soy foods already containing free iso¯avones or by releasing the free iso¯avones in the small intestine. Fermentation of milk, which was supplemented with soygerm power, generated a substantial amount of free iso¯avones. The enzyme pro®le of the ferments indicated the presence of high levels of b-galactosidase. It was con®rmed that b-galactosidase released the iso¯avones from the soygerm powder. b-Galactosidase (EC 3.2.1.23) belongs to the O-glycoside hydrolase enzymes and hydrolyses lactose. Some of the enzymes are multifunctional and can catalyse the cleavage of different substrates, e.g. b-D D-fucosides and b-D D-glycosides (Henrissat and Davies 1997) . The interactions between the Lact. reuteri and the soygerm powder suggest that it may be interesting to combine both in a fermented milk. The soygerm powder may protect the Lact. reuteri against the bile salt toxicity of the small intestine, whereas the fermentation process releases interesting bioactive isoavones in the food supplement. The impact of the low pH of the stomach and the enzymatic digestion in the small intestine on these positive features should be examined in subsequent studies.
